INTRODUCTION
During forearm studies designed to evaluate peripheral utilization of glucose, a linear relationship between endogenous insulin concentration and muscular glucose uptake was observed (1) . The present investigation was undertaken in order to study this relationship in more detail and to see to what extent it was influenced by the blood glucose concentrations.
It is well known from in vitro, and it has been postulated on the basis of in vivo, experiments, that muscular glucose uptake is influenced by both the glucose and the insulin concentration of the buffer medium, perfusate, or plasma.
The present investigation suggests that plasma insulin concentration is the major factor in the regulation of glucose uptake in the intact human forearm muscle, and that this preparation is not directly influenced by the blood glucose concentration.
METHODS
The glucose concentration of the whole blood samples was determined with a glucose oxidase method. A detailed report on the method used in our laboratory has been published elsewhere (2) . Serum insulin concentrations were measured according to Hales to place the catheter so that no dye could be aspirated, the experiment was canceled.
Blood flow was measured in the forearm that contained the deep vein catheter before and after each blood sampling, and the mean flow was multiplied by the glucose A-V difference for the calculation of glucose uptake. Intravenous glucose infusion The amount of glucose infused was varied to obtain either a constant level or a level of decreasing or increasing hyperglycemia. The rate of infusion depended on the blood sugar concentration obtained every 10 min during the experiment by a technique for rapid determination (7) . In this way abrupt alterations in the desired pattern of hyperglycemia were avoided. The high blood glucose level was maintained for approximately 100 min. In order to ensure a relatively steady state, collection of samples for insulin and glucose determinations did not begin until 15-30 min after glucose infusion had started. It was not always possible to obtain sufficient amounts of deep venous blood for insulin determinations. During sample collections and flow determinations circulation to the hand was obstructed with a pressure cuff.
RESULTS
Fasting state. The mean arterial glucose concentration was 78 ± 5.4 mg/100 ml (mean + SD). The mean (+ SD) fasting glucose uptake was 0.08 + 0.05 mg/100 ml forearm per min. Of the 29 determinations in 11 subjects, only one was negative. The mean fasting glucose uptake differed significantly from zero (P less than 0.001). The mean (± SD) fasting serum insulin level was 28 + 12 MAU/ml. In 18 measurements of the arteriovenous difference in seven subjects, nine were positive, two were zero, and seven were negative, i.e., we found no insulin uptake in the fasting state. The difference never exceeded 6 ,MU/ml. During glucose loading. The blood glucose level rose to initially 170-350 mg/100 ml and, thereafter, followed three different patterns. In experiments 1-4 and 5 the glucose level showed a steady and slow increase of 1-2 mg/100 ml per min. In experiments 6-8 the glucose level decreased slowly and steadily 1-2 mg/100 ml per min. Finally, in experiments 9-11 the hyperglycemia remained unchanged throughout the Pooled data, obtained during glucose infusion and including all observations from all subjects, showed no association between blood glucose concentrations and glucose uptake with the median test by chi square (P. greater than 0.1 for the absence of a positive correlation).
The same negative result was obtained by regression analysis, using serum insulin and blood glucose concentrations as invariables and glucose uptake as the variable (P. greater than 0.3 for the absence of a correlation between glucose concen- tration and uptake). However, a positive correlation was found by the median test between serum insulin and glucose uptake (P. less than 0.005). The results are illustrated in Figs. 5 and 6. Regression analysis was performed on all observations of serum insulin concentrations and glucose uptake in the individual experiments. When glucose uptake was plotted as a function of serum insulin concentrations, an obvious rectilinear relationship between the two parameters was observed. In all cases, regression analysis showed that the slope of the regression line differed highly significantly from zero. The results are summarized in Table II where the standard deviation from the regression line is also given. Fig. 7 shows the association obtained in all 11 experiments. the experiment. After 15 min, collectio samples was resumed. Glucose uptake in neither case (Fig. 8) . In fact, tl uptakes corresponding to the higher insulin concentrations in each of the thi ments (mean = 286 XU/ml) average( cent of the glucose uptakes which corre., the lowest insulin concentrations obviou the linear part of the relationship curves 224 ,uU/ml). It should be noted that glucose level declined in none of these ex Statistical analysis shows that, if the lines calculated from arterial insulin tions lower than 200 uU/ml (Table II) polated to high levels of plasma insulin, l uptake values observed in seven samples insulin concentrations are significantly extrapolated lines (average = 55%So; P 0.001). If the same calculation is perfori assumption that glucose uptake is a i log-insulin concentration, the glucose t ues are also too low (average = 76%o; 1 0.05).
DISCUSSION
The experiments reported in the pre were designed to investigate the ser muscle to insulin in man, i.e., the relat tween endogenous plasma insulin con and glucose uptake, using the foreart mating muscular glucose uptake.
The forearm preparation has been ei extensive studies of peripheral muscul uptake by Butterfield, Fry, Holling, G Whichelow (8) (9) (10) (11) and by Zierler and (12).
Butterfield et al. and Butterfield, AbT Sterky, and Whichelow (8, 9, 13) arrived at the conclusion that arterial blood sugar must exceed a certain threshold value before glucose will enter the muscle cells, and that the effect of insulin is to lower this threshold, whereas insulin apparently does not alter the relationship between rise of blood glucose and increase in glucose uptake.
tissue (rat diaphragm and heart), and emphasized the differences between in vivo and in vitro conditions. The most important differences are that the basal glucose uptake is 50 times higlher in in vitro preparations and that the percentage-response to insulin is much lower. In a situation much more comparable to the human forearm, the hind-limb preparation (18, 19) (resting muscle perfused with blood), the basal glucose uptake exceeds that of the forearm by a factor of four and the percentage-response to insulin is higher than in isolated tissue.
Rabinowitz, Klassen, and Zierler (20) have also shown that intra-arterial infusion of growth hormone decreases both the basal glucose uptake and the effect of simultaneously infused insulin.
Studies with in vivo and in vitro preparations thus seem to indicate that insulin as well as glucose exerts a stimulating effect on muscular glucose uptake. However, comparisons between these two types of preparations are difficult for the reasons stated above, and those studies in which a stimulating influence of glucose on the human forearm was shown do not exclude the possibility that this effect is secondary to an increase in plasma insulin. In regard to the effect of growth hormone, we do not know if the usually low concentrations with sudden increments, characteristic of plasma growth hormone after an overnight fast (21) , influence the glucose uptake in the human forearm to any significant extent.
As yet, no one has tried to correlate glucose uptake to simultaneous endogenous insulin levels under circumstances where the influence of plasma growth hormone can be ruled out, i.e., equals zero. Samols, Marri, and Marks (22) were unable to find any relationship between immunological serum insulin concentrations and arteriovenous differences (not glucose uptake) under conditions where blood glucose showed rapid and large variations. In the present investigation a linear relationship between glucose uptake and immunologically determined serum insulin concentrations was demonstrated in nondiabetics under circumstances (prolonged hyperglycemia) where it is reasonable to believe that growth hormone was not present. On the other hand, there was no correlation between glucose concentrations and glucose uptake. It is not possible on the basis of these studies to rule out completely the possibility that the glucose concentration per se influences glucose uptake. It is of course unreasonable to believe that the relationship between insulin level and glucose uptake obtains under all circumstances; for instance, under the pharmacological conditions of insulin-induced hypoglycemia. We suggest, however, that the insulin concentration of arterial blood is the primary factor responsible for the stimulation of glucose uptake in intact muscle, and that blood glucose has no direct effect. This suggestion is consistent with the fact that zero or exceedingly low glucose uptakes are found in the classical hyperglycemia of untreated juvenile diabetics, as well as during induced excessive hyperglycemia, since these patients have low fasting insulin levels and no insulin response to glucose loading. The suggestion also fits well with our observations in three untreated nonketotic juvenile diabetics, where we have found a definite response in glucose uptake to exogenous insulin.
These considerations, combined with the previously mentioned fact that increases in plasma growth hormone depress uptake, make it reasonable to assume that the extent to which glucose enters the resting-rnuscle cells depends on the state of equilibrium existing between plasma insulin and growth hormone.
It would be of interest to study insulin sensitivity, i.e., serum insulin-glucose uptake relationships, in juvenile and maturity onset diabetics in different states of metabolic derangement during relatively constant hyperglycemia, such as was achieved in the experiment reported here.
Our finding that glucose uptake increases either less than was expected or not at all, when the serum insulin concentration exceeds about 200 tU/ ml-might mean that insulin stimulation is maximal at this level. The phenomenon is now being studied in greater detail. A serum insulin concentration in the vicinity of 200 ttU/ml corresponds to the upper physiological range that obtained in the course of the day. A similar flattening of the dose-response curves is known from in vitro biological assays of insulin.
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